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Description 



FinFET TRANSISTOR AND CIRCUIT 

Background of Invention 
[0001] FIELD OF THE INVENTION 

[0002] The present invention relates to the field of FinFET (fin 

field effect transistors); more specifically, it relates to Fin- 
FETs with tuned drive strength, methods tuning the drive 
strength of FinFETs and circuits utilizing FinFETs with 
tuned drive strengths. 

[0003] BACKGROUND OF THE INVENTION 

[0004] integrated circuit technology and complementary metal- 
oxide-silicon (CMOS) technology is ever pushed in the di- 
rection of higher performance and hence smaller transis- 
tor dimensions. Below about 65nm FinFET technology is 
emerging as the technology to carry forward the pursuit 
of high performance circuits. At the high performance lev- 
els utilizing sub-65 nm dimensions, very fine tuning the 
drive strengths of transistors in integrated circuits be- 
comes critical, however, no method presently exists for 



doing this for circuits made up of FinFETs because of the 
quantized nature of their structures. Thus, there is a need 
for fine tunable drive strength FinFETs and methods of 
fine-tuning the drive strength of FinFETs. 
Summary of Invention 

[0005] a first aspect of the present invention is an electronic de- 
vice, comprising: a source and a drain; a single-crystal 
first fin having first and second opposing ends and first 
and second opposing sidewalls and extending along a 
first longitudinal axis from the first to the second end of 
the first fin, the first end of the first fin in contact with the 
source and the second end of the first fin in contact with 
the drain, the first longitudinal axis aligned to a crystal 
plane; a single-crystal second fin having first and second 
opposing ends and first and second opposing sidewalls 
and extending along a second longitudinal axis from the 
first to the second end of the second fin, the first end of 
the second fin in contact with the source and the second 
end of the second fin in contact with the drain, the second 
longitudinal axis aligned in a plane rotated away from the 
crystal plane; and a conductive gate in contact with a gate 
dielectric formed on the first and second sidewalls of the 
first fin and on the first and second sidewalls of the sec- 



ond fin. 

[0006] a second aspect of the present invention is a method for 
tuning the drive strength of an electronic device, compris- 
ing: forming a source and a drain in a single-crystal ma- 
terial; forming a single-crystal first fin from the single- 
crystal material, the first fin having first and second op- 
posing ends and first and second opposing sidewalls and 
extending along a first longitudinal axis from the first to 
the second end of the first fin, the first end of the first fin 
in contact with the source and the second end of the first 
fin in contact with the drain; aligning the first longitudinal 
axis to a crystal-plane of the single-crystal material; 
forming a single-crystal second fin from the single-crystal 
material, the second fin having first and second opposing 
ends and first and second opposing sidewalls and extend- 
ing along a second longitudinal axis from the first to the 
second end of the second fin, the first end of the second 
fin in contact with the source and the second end of the 
second fin in contact with the drain; aligning the second 
longitudinal axis to a plane rotated away from the crystal 
plane; and providing a conductive gate in contact with a 
gate dielectric formed on the first and second sidewalls of 
the first fin and on the first and second sidewalls of the 



second fin. 

[0007] a third aspect of the present invention an integrated cir- 
cuit, comprising: a first transistor comprising: a first 
source and a first drain; a single-crystal first fin having 
first and second opposing ends and first and second op- 
posing sidewalls and extending along a first longitudinal 
axis from the first to the second end of the first fin, the 
first end of the first fin in contact with the first source and 
the second end of the first fin in contact with the first 
drain, the first longitudinal axis aligned to a crystal plane; 
a single-crystal second fin having first and second oppos- 
ing ends and first and second opposing sidewalls and ex- 
tending along a second longitudinal axis from the first to 
the second end of the second fin, the first end of the sec- 
ond fin in contact with the first source and the second end 
of the second fin in contact with the first drain, the sec- 
ond longitudinal axis aligned in a plane rotated away from 
the crystal plane; and a first conductive gate in contact 
with a gate dielectric formed on the first and second side- 
walls of the first fin and on the first and second sidewalls 
of the second fin; and a second transistor comprising: a 
second source and a second drain; a single-crystal third 
fin having first and second opposing ends and first and 



second opposing sidewalls and extending along a third 
longitudinal axis from the first to the second end of the 
third fin, the first end of the third fin in contact with the 
second source and the second end of the first fin in con- 
tact with the second drain, the third longitudinal axis 
aligned to the crystal plane; and a second conductive gate 
in contact with a gate dielectric formed on the first and 
second sidewalls of the third fin and on the first and sec- 
ond sidewalls of the third fin. 
[0008] a fourth aspect of the present invention is a method of 
tuning the drive strength ratio between a first transistor 
and a second transistor in an integrated circuit, compris- 
ing: providing the first transistor, the first transistor com- 
prising: a first source and a first drain; a single-crystal 
first fin having first and second opposing ends and first 
and second opposing sidewalls and extending along a 
first longitudinal axis from the first to the second end of 
the first fin, the first end of the first fin in contact with the 
first source and the second end of the first fin in contact 
with the first drain, the first longitudinal axis aligned to a 
crystal plane; a single-crystal second fin having first and 
second opposing ends and first and second opposing 
sidewalls and extending along a second longitudinal axis 



from the first to the second end of the second fin, the first 
end of the second fin in contact with the first source and 
the second end of the second fin in contact with the first 
drain, the second longitudinal axis aligned in a plane ro- 
tated away from the crystal plane; and a first conductive 
gate in contact with a gate dielectric formed on the first 
and second sidewalls of the first fin and on the first and 
second sidewalls of the second fin; and providing the sec- 
ond transistor, the second transistor comprising: a second 
source and a second drain; a single-crystal third fin hav- 
ing first and second opposing ends and first and second 
opposing sidewalls and extending along a third longitudi- 
nal axis from the first to the second end of the third fin, 
the first end of the third fin in contact with the second 
source and the second end of the first fin in contact with 
the second drain, the third longitudinal axis aligned to the 
crystal plane; and a second conductive gate in contact 
with a gate dielectric formed on the first and second side- 
walls of the third fin and on the first and second sidewalls 
of the third fin. 

[0009] a fifth aspect of the present invention is an electronic de- 
vice, comprising: a source and a drain; a single-crystal 
first fin having first and second opposing ends and first 



and second opposing sidewalls, the first end of the first 
fin in contact with the source and the second end of the 
first fin in contact with the drain, the first longitudinal 
axis aligned to a crystal plane; a single-crystal second fin 
having first and second opposing ends and first and sec- 
ond opposing sidewalls, the first end of the second fin in 
contact with the source and the second end of the second 
fin in contact with the drain; a first conductive gate in 
contact with a gate dielectric formed on the first and sec- 
ond sidewalls of the first fin and on the first sidewall of 
the second fin; and a second conductive gate in contact 
with a gate dielectric formed on the second sidewall of the 
second fin. 

[0010] a sixth aspect of the present invention is a method for 

tuning the drive strength of an electronic device, compris- 
ing: providing a source and a drain, providing a single- 
crystal first fin having first and second opposing ends and 
first and second opposing sidewalls, the first end of the 
first fin in contact with the source and the second end of 
the first fin in contact with the drain; providing a single- 
crystal second fin having first and second opposing ends 
and first and second opposing sidewalls, the first end of 
the second fin in contact with the source and the second 



end of the second fin in contact with the drain; providing 
a first conductive gate in contact with a gate dielectric 
formed on the first and second sidewalls of the first fin 
and on the first sidewall of the second fin; providing a 
second conductive gate in contact with a gate dielectric 
formed on the second sidewall of the second fin; and con- 
necting the first gate to a first voltage source at a first 
voltage level and connecting the second gate a second 
voltage source at a second voltage level, the first and sec- 
ond voltage levels being different. 
[0011] a seventh aspect of the present invention is an integrated 
circuit, comprising: a first transistor comprising: a first 
source and a first drain; a single-crystal first fin having 
first and second opposing ends and first and second op- 
posing sidewalls, the first end of the first fin in contact 
with the first source and the second end of the first fin in 
contact with the first drain; a single-crystal second fin 
having first and second opposing ends and first and sec- 
ond opposing sidewalls, the first end of the second fin in 
contact with the first source and the second end of the 
second fin in contact with the first drain; a first conductive 
gate in contact with a gate dielectric formed on the first 
and second sidewalls of the first fin and on the first side- 



wall of the second fin; and a second conductive gate in 
contact with a gate dielectric formed on the second side- 
wall of the second fin; and a second transistor comprising: 
a second source and a second drain; a single-crystal third 
fin having first and second opposing ends and first and 
second opposing sidewalls, the first end of the third fin in 
contact with the second source and the second end of the 
third fin in contact with the second drain; and a third con- 
ductive gate in contact with a gate dielectric formed on 
the first and second sidewalls of the third fin and on the 
first and second sidewall of the third fin. 
[0012] An eighth aspect of the present invention is a method of 
tuning the drive strength ratio between a first transistor 
and a second transistor in an integrated circuit, compris- 
ing providing the first transistor, the first transistor com- 
prising: a first source and a first drain; a single-crystal 
first fin having first and second opposing ends and first 
and second opposing sidewalls, the first end of the first 
fin in contact with the first source and the second end of 
the first fin in contact with the first drain; a single-crystal 
second fin having first and second opposing ends and 
first and second opposing sidewalls, the first end of the 
second fin in contact with the first source and the second 



end of the second fin in contact with the first drain; a first 
conductive gate in contact with a gate dielectric formed 
on the first and second sidewalls of the first fin and on the 
first sidewall of the second fin; and a second conductive 
gate in contact with a gate dielectric formed on the sec- 
ond sidewall of the second fin; providing the second tran- 
sistor, the second transistor comprising: a second source 
and a second drain; a single-crystal third fin having first 
and second opposing ends and first and second opposing 
sidewalls, the first end of the third fin in contact with the 
second source and the second end of the third fin in con- 
tact with the second drain; and a third conductive gate in 
contact with a gate dielectric formed on the first and sec- 
ond sidewalls of the third fin and on the first and second 
sidewall of the third fin; and connecting the first gate to a 
first voltage source at a first voltage level and connecting 
the second gate to a second voltage source at a second 
voltage level, the first and second voltage levels being dif- 
ferent. 

Brief Description of Drawings 

[0013] The features of the invention are set forth in the ap- 
pended claims. The invention itself, however, will be best 
understood by reference to the following detailed descrip- 



tion of an illustrative embodiment when read in conjunc- 
tion with the accompanying drawings, wherein: 

[0014] FIG. 1 is an isometric view of representative fin portions of 
various FinFETs according to the various embodiments of 
the present invention; 

[0015] FIG. 2 is a plot of the reduction in transconductance in the 
linear and saturation region of a FinFET vs. off angle axis 
9; 

[0016] FIG. 3A is a top view and FIG. 3B is a side view through 
line 3B-3B of FIG. 3A of a FinFET transistor according to 
the first embodiment of the present invention; 

[0017] FIG. 4A is a top view and FIG. 4B is a side view through 

line 4B-4B of FIG. 4A of a FinFET transistor according to a 
second embodiment of the present invention; 

[0018] FIG. 5 is an exemplary circuit utilizing a FinFET whose 

drive strength has been tuned according to the first em- 
bodiment of the present invention; and 

[0019] FIG. 6 is an exemplary circuit utilizing a FinFET whose 
drive strength has been tuned according to the second 
embodiment of the present invention. 
Detailed Description 



[0020] | n crystalline solids, the atoms, which make up the solid, 
are spatially arranged in a periodic fashion called a lattice. 



A crystal lattice always contains a volume, which is repre- 
sentative of the entire lattice and is regularly repeated 
throughout the crystal. In describing crystalline semicon- 
ductor materials in the present disclosure, the following 
conventions are used. 

[0021] The directions in a lattice are expressed as a set of three 
integers with the same relationship as the components of 
a vector in that direction. For example, in cubic lattices, 
such as silicon, which have a diamond crystal lattice, a 
body diagonal exists along the [111] direction with the [ ] 
brackets denoting a specific direction. Many directions in 
a crystal lattice are equivalent by a symmetry transforma- 
tion, depending upon the arbitrary choice of orientation 
axes. For example, a crystal directions in the cubic lattice 
[100], [010] and [001] are all crystallographically equiva- 
lent. A direction and all its equivalent directions are de- 
noted by < > brackets. Thus, the designation of the 
<100> direction includes the equivalent [100], [010] and 
[001] positive directions as well as the equivalent negative 
directions [-100], [0-10] and [00-1]. 

[0022] planes in a crystal may also be identified with a set of 
three integers. They are used to define a set of parallel 
planes and each set of integers enclosed in ( ) parentheses 



identifies a specific plane. For example the proper desig- 
nation for a plane perpendicular to the [100] direction is 
(100). Thus, if either a direction or a plane of a cubic lat- 
tice is known, its perpendicular counterpart may be 
quickly determined without calculation. Many planes in a 
crystal lattice are equivalent by a symmetry transforma- 
tion, depending upon the arbitrary choice of orientation 
axes. For example, the (100), (010) and (001) planes are 
all crystallographically equivalent. A plane and all its 
equivalent planes are denoted by {} parentheses. Thus, the 
designation of the {100} plane includes the equivalent 
(100), (010) and (001) positive planes as well as the 
equivalent planes (-100), (0-10) and (00-1). 
[0023] FIG. 1 is an isometric view of representative fin portions of 
various FinFETs according to the various embodiments of 
the present invention. In FIG. 1, a substrate 100 includes a 
support layer 105 having a top surface 110, an isolation 
layer 115 having a top surface 120, the isolation layer 
formed on top surface 110 of support layer 105. Isolation 
layer 115 may comprise a buried oxide layer (BOX), or 
may comprise a doped semiconductor region. Fins 125 
and 130 are formed from a crystalline semiconductor ma- 
terial formed on top surface 120 of buried isolation 115. 



Fins 125 and 130 may be composed of any appropriate 
semiconductor material, including, but not limited to: Si, 
Ge, GaP, InAs, InP, SiGe, GaAs, or other group lll/V com- 
pounds. Fin 125 has parallel sidewalls 135 (only one side- 
wall is visible in FIG. 1) parallel to a crystal-plane 140. Fin 
130 has parallel sidewalls 145 (only one sidewall is visible 
in FIG. 1) parallel to a crystal-plane 150. Plane 150 is off- 
set from crystal-plane 140 by an angle 6 with respect to a 
common axis 152. In one example, fins 125 and 130, 
when used in an NFET FinFET (hereafter N FinFET) com- 
prise single-crystal silicon and crystal-plane 140 is a 
{100} crystal-plane and when used in a PFET FinFET 
(hereafter P FinFET), comprise single-crystal silicon and 
crystal-plane 140 is a {110} crystal-plane. In one exam- 
ple, when crystal plane 140 is a {100} crystal-plane, 
Odefines a rotation of fin 130 into the {110} crystal-plane 
and when crystal plane 140 is a {110} crystal-plane, 
Odefines a rotation of fin 140 into the {100} crystal-plane. 
[0024] pin 125 has a physical length L in a direction parallel to 
top surface 120 of buried isolation layer 115 within plane 
140 and a physical height H in a direction perpendicular 
to the direction of physical length L. Fin 130 has a physi- 
cal length L in a direction parallel to top surface 120 of 



buried isolation layer 115 within a plane 150 (which is 
offset from plane 140 by angle 6) and a physical height H 
in a direction perpendicular to the direction of physical 

length L . Note, in a FinFET, the physical height of the fin 

9 

determines the electrical channel width of the transistor. 
In a single gate FinFET (a gate formed on one side of the 
fin) the physical height H determines the electrical channel 
width W. In a double-gate FinFET the channel width is 
twice the height because there is a gate on either side of 
the fin, W is a function of 2H. (See definition of a double- 
gate FinFET infra),. The physical length of a FinFET fin de- 
fines the channel length of FinFET the same as for con- 
ventional FETs, thus the designation L or L Q may be under- 
stood to also mean channel length hereafter. 
[0025] when fins 125 and 130 are incorporated into FinFETs, in- 
version carrier flow direction is in directions 155 and 160 
respectively. Direction 155 is parallel to sidewalls 135 and 
direction 160 is parallel to sidewalls 145. It is well known, 
that inversion carrier flow is affected by the crystal orien- 
tation of the fin of a FinFET. For N FinFETs, maximum in- 
version carrier (electron) mobility is along the {100} crys- 
tal-plane and for P FinFETs the maximum inversion carrier 
(hole) mobility is along the {110} crystal-plane. This is re- 



fleeted in the transconductance (Gm) of a FinFET as illus- 
trated in FIG. 2 and discussed infra. 

[0026] FIG. 2 is a plot of the reduction in transconductance in the 
linear and saturation region of a FinFET vs. off angle axis 
6. Transconductance (Gm) is the ratio of output current to 
input voltage and is the measure of the gain of a FET. In 
FIG. 2 both the transconductance when the transistor is 
operating in the linear region Gm lin (upper curve) and the 
transconductance when the transistor is operating in the 
saturation region Gm sat (lower curve) are only equal at 
6(offset from the maximum mobility axis) = 0. Gm sat 
progressively fails off from Gm lin as 6increases. 

[0027] The curves of FIG. 2 may be explained, in at least part, by 
the following: The mobility of the electrons (inversion car- 
riers) in the channels of NFETs is nearly at its highest in 
the {100} plane and significantly lower in the {110} plane. 
The electron-mobility in the {110} plane is about half that 
in the {100} plane. The mobility of holes (inversion carri- 
ers) in the channels of PFETs is highest in the {110} plane 
and significantly lower in the {100} plane. The hole- 
mobility in the {100} plane is about less than half that in 
the {110} plane. The {100} and {110} planes are orientated 
to each other at an angle of 45° when formed by vertical 



surfaces cut from a {100}-surfaced wafer. 
[0028] FIG. 3A is a top view and FIG. 3B is a side view through 
line 3B-3B of FIG. 3A of a FinFET transistor according to 
the first embodiment of the present invention. In FIG. 3A, 
FinFET 200 includes parallel source/drains 205A and 205B 
in physical and electrical contact with opposite ends of 
single-crystal perpendicular fins 210 and an angled sin- 
gle-crystal fin 215. Perpendicular fins 210 are longitudi- 
nally aligned with a plane 220, while angled fin 215 is 
longitudinally aligned with a plane 225, which is offset (by 
rotation along a axis common to both planes 210 and 225 
as illustrated in FIG. 1 and described supra) from crystal 
plane 220 by an angle 9. The angle 6 also represents a 
rotation from a higher inversion carrier mobility direction 
to a lower major carrier mobility direction. Fins 210 are 
perpendicular to source/drains 205A and 205B. A com- 
mon gate 230 is formed over perpendicular fins 210 and 
angled fin 215 and is electrically isolated from the fins by 
gate dielectric 235 formed on opposite sides of each fin. 
Perpendicular fins 210 have a channel length L and angled 

fin 215 has a channel length L where L = L/cos 6. Per- 

9 9 

pendicular fins 210 and angled fin 215 have the same 
height H (see FIG. 3B). 



[0029] Turning to FIG. 3B, it can be seen that perpendicular fins 
210 and angled fin 215 have a height H and top surfaces 
235 of perpendicular fins 210 and top surface 237 of an- 
gled fin 215 are electrically isolated from gate 230 by di- 
electric caps 240. Note, it is possible to replace dielectric 
caps 240 with gate dielectric 230. Perpendicular fins 210 
and angled fin 215 are formed on a top surface 245 of an 
insulating layer 250, which is formed on a top surface 255 
of a substrate 260. 

[0030] | n a fi rs t example, FinFET 200 is an N FinFET, source/ 

drains 205A and 205B are doped N-type, perpendicular 
fins 210 and angled fin 215 comprises comprise P-doped, 
lightly N-doped or intrinsic mono-crystalline silicon, 
plane 220 is a {100} crystal-plane and 9is an angle of ro- 
tation into the {110} crystal-plane. In a second example, 
FinFET 200 is a P FinFET, source/drains 205A and 205B 
are doped P-type, perpendicular fins 210 and angled fin 
215 comprise N-doped, or lightly P-doped or intrinsic 
mono-crystalline silicon, plane 220 is a {110} crystal- 
plane and 6is an angle of rotation into the {100} crystal- 
plane. 

[0031] Lightly doped N or P monocrystalline silicon is defined has 
having a doping level that will not prevent formation of a 



inversion layer in the channel region under the gate of the 
fin between the source and drains of a FinFET with a nor- 
mal operating voltage applied to the gate. In one example, 
lightly doped silicon has an N or P dopant species concen- 
tration of about 10 15 atm/cm 3 or less. 

[0032] The drive strength of a transistor is defined as the mea- 
sure of the amount of current the transistor can supply. 
The ratio of drive strengths between PFETS and NFETS in 
integrated circuits is an important consideration as will be 
described infra. The relative drive strength of FinFET 200 
is given in equation 1. 

[0033] p (w/l) ( 3 + ( C os 6) (1-0.9 (16/45°!))), | 6 | < 45°(1) 

[0034] W here: 

[0035] p = the relative drive strength of the transistor; 

[0036] w = the channel width of each fin; 

[0037] |_ _ t he length of the three perpendicular fins 205; and 

[0038] 0= the angle between the three perpendicular fins and the 
angled fin. 

[0039] while three perpendicular fins 210 and one angled fin 215 
are illustrated in FIGs. 3A and 3B, there may be any num- 
ber from one upward of perpendicular fins 210 and any 



number from one upward of angled fins 215. There must 
be at least one perpendicular fin 210 and one angled fin 
215. In the general case, of N perpendicular fins 210 and 
M angled fins 215 the relative drive strength of the gen- 
eral case tunable drive strength FinFET is given in equa- 
tion 2. 

[0040] p« (w/l) ( N +M cos(6) (1-0.9 (|G/45°|))), | 6 | < 45°(2) 
[0041] where: 

[0042] p = t he relative drive strength of the transistor; 

[0043] n _ the number pf perpendicular fins; 

[0044] m = the number of angled fins; 

[0045] w = the channel width of each fin; 

[0046] |_ _ the length of the perpendicular fins; and 

[0047] Q = the angle between the perpendicular fins and the an- 
gled fin, in degrees. 

[0048] | n a FinFET using only perpendicular fins the granularity of 
control of drive strength is related to the number of fins 
and is very coarse unless there are a prohibitive number 
of fins. The drive strength of a FinFET incorporating at 
least one perpendicular fin and one angled fin can be ad- 
justed by not only the total number of fins of each type, 



but by the angle of the angled fin(s) relative to the per- 
pendicular fin. This degree of tuning is only limited by the 
incremental control of the process in imaging incremental 
changes in fin angle (6) and the minimum reduction 
(about 0.5) at a corresponding maximum angle (about 45 
°) in carrier mobility that can be realized. Increments be- 
low about 0.5 can be obtained with multiple angled fins. 
See Table I. 



TABLE I 



Drive Strength 


Number 


Number of 


Angle Between 


(Multiples of 


Perpendicular 


Angled Fins 


Perpendicular 


W/L) 


Fins 




and Angled Fins 


3 


3 


0 


N/A 


4 


4 


0 


N/A 


3.8 


3 


1 


-10° 


3.2 


2 


2 


-10° 



[0049] Before describing the second embodiment of the present 
invention the terms double-gate and split-gate need to be 
defined. A double-gate transistor is defined as a transis- 
tor having two dependent gates, in the case of a FinFET, 
the gates are located on opposing sidewalls of the fin and 
electrically connected. They may be integral to one an- 
other as well, as is illustrated in FIGs. 4A and 4B. A split- 
gate transistor is defined as a transistor having two inde- 
pendent gates, in the case of a FinFET, the gates are lo- 
cated on opposing sidewalls of the fin and are electrically 
isolated from one another. 



[0050] FIG. 4A is a top view and FIG. 4B is a side view through 

line 4B-4B of FIG. 4A of a FinFET transistor according to a 
second embodiment of the present invention. In FIG. 4A, 
FinFET 300 includes parallel source/drains 305A and 305B 
in physical and electrical contact with opposite ends of 
single-crystal double-gate fins 310 and a single-crystal 
split-gate fin 315. Double-gate fins 310 and split-gate fin 
315 are longitudinally aligned with mutually parallel 
planes 320. Planes 320 may be higher inversion carrier 
mobility planes, for example {100} for N FinFETs and {110} 
for P FinFETs. Double-gate fins 310 and split-gate fin 315 
are perpendicular to source/drains 305A and 305B. A gate 
dielectric 330 is formed on sidewalls of double-gate fins 
310 and split-gate fin 315. A first gate 335 is formed over 
double-gate fins 310 and contacts gate dielectric 330 on 
formed on both sidewalls of each double-gate fin 315. 
First gate 335 also contacts gate dielectric 330 formed on 
a first side 340A of split-gate fin 315. A second gate 345 
contacts gate dielectric 330 formed on a second side of 
split-gate fin 315. Double-gate fins 305A and split-gate 
fin 315 have the same channel length L and have the 
same height H (see FIG. 4B). 

[0051] Turning to FIG. 4B, it can be seen that double-gate fins 



310 and split-gate fin 315 have a height H and top sur- 
faces 350 of double-gate fins 310 are electrically isolated 
from first gate 335 by dielectric caps 355. A dielectric cap 
365 is formed on a top surface 360 of split-gate fin 315. 
Note, it is possible to replace dielectric caps 355 and 365 
with gate dielectric 330. Double-gate fins 310 and split- 
gate fin 315 are formed on atop surface 370 of an insu- 
lating layer 375, which is formed on a top surface 380 of 
a substrate 385. 

[0052] | n a fi rst example, FinFET 300 is an N FinFET, source/ 

drains 305A and 305B are doped N-type, double-gate fins 
310 and split-gate fin 315 comprise P-doped, lightly N- 
doped or intrinsic mono-crystalline silicon, and plane 320 
has {100} orientation. In a second example, FinFET 300 is 
a P FinFET, source/drains 305A and 3105B are doped P- 
type, double-gate fins 310 and split-gate fin 315 com- 
prise N-doped, lightly P-doped, or intrinsic mono- 
crystalline silicon, and plane 320 is a {110} crystal-plane. 

[0053] The drive strength contribution of split-gate fin 315 with 
zero voltage on second gate 345 is about half that of a 
double-gate fin 310. The drive strength contribution of 
split-gate fin 315 can be varied between about zero to the 
same as that of double-gate fins 310 by varying the volt- 



age applied to second gate 345. By increasing the voltage 
(magnitude) from zero toward the voltage (magnitude) 
applied to first gate 335 the drive strength of split-gate 
fin 315 can be increased. By biasing second gate 345 
more negative than the source for an N FinFET or more 
positive than the source for a P FinFET, the drive strength 
of split-gate fin 315 can be decreased. 
[0054] while three double-gate fins 310 and one split-gate fin 
315 are illustrated in FIGs. 4A and 4B, there may be any 
number from one upward of double-gate fins 310 and any 
number from one upward of split-gate fins 315. For ex- 
ample, the two outermost fins of a set of fins may very 
easily be fabricated as split-gate fins. Inner fins may be 
formed as split-gate fins, but more complicated gate 
shape layouts (when viewed in top or plan view) are re- 
quired. 

[0055] Many high performance CMOS circuits require a precise 
ratio of drive strengths between specific PFETs and spe- 
cific NFETs in order to achieve a balance between noise 
immunity, performance and power. The drive strength ra- 
tio (also called the Beta-ratio) is the quotient given by the 
effective channel width-to-length (W/L) ratio of the PFET 
divided by the effective channel width-to-length (W/L) ra- 



tio of the NFET. The FinFET transistors described supra, 
allow fine-tuning of the Beta-ratio. 

[0056] | n piGs. 5 and 6 transistors bodies (exclusive of the 
source/drains) are formed from one of more mono- 
crystalline fins, thus in the description of FIGs. 5 and 6, 
the term fin can be read as body as well. 

[0057] FIG. 5 is an exemplary circuit utilizing a FinFET whose 

drive strength has been tuned according to the first em- 
bodiment of the present invention. In FIG. 5, a latch circuit 
400 includes transistors Tl, T2, T3 and an inverter II. 
Transistors Tl, T2 and T3 are double-gate FinFET transis- 
tors. Transistor Tl is illustrated as an N FinFET having a 
one fin 405. Transistor T2 is illustrated as an N FinFET 
having three perpendicular fins 410 and one angle fin 415 
and a common gate. Angled fin 410 is also designated 
with the symbol 6. Transistor T3 is illustrated as a P Fin- 
FET having four perpendicular fins 420 and a common 
gate. The source of transistor Tl is coupled to an input 
signal, the gate of transistor Tl is coupled to a CLK signal 
and the drain of transistor Tl is coupled to the gates of 
transistors T2 and T3, the drains of transistors T2 and T3 
and the input and output of inverter II. The source of 
transistor T3 is coupled to VDD and the source of transis- 



tor T2 is coupled to VSS. 
[0058] The drive strength ratio (also known as the beta ratio), 3 
/B of latch circuit 400 can be tuned (in the sense of 

T3 K T2 

set during manufacture of the circuit) by rotation of fin 
415 of transistor T2 in a direction relative to the direction 
of fins 410 that reduces the mobility of the inversion car- 
riers in fin 415 relative to the mobility of the inversion 
carriers in fins 410. 

[0059] it should be noted, that while only transistor T2 is illus- 
trated in FIG. 5 and described as being drive strength tun- 
able, either or both of transistors T2 or T3 may be drive 
strength tunable according to the first embodiment of the 
present invention. 

[0060] FIG. 6 is an exemplary circuit utilizing a FinFET whose 
drive strength has been tuned according to the second 
embodiment of the present invention. In FIG. 6, a latch 
circuit 450 includes transistors T4, T5, T6 and an inverter 
12. Transistor T4 is a double-gate FinFET transistor. Tran- 
sistors T5 and T6 are mixed gate FinFET transistors hav- 
ing multiple double-gate fins and one split-gate fin each. 
Transistor T4 is illustrated as an N FinFET having one 
double-gate fin 455. Transistor T5 is illustrated as an N 
FinFET having three fins 460 and one fin 465, a first gate 



common to all gate regions of fins 460 and a first gate re- 
gion of fin 465, and a second gate connected only to a 
second gate region of fin 465. Transistor T6 is illustrated 
as a P FinFET having three fins 470 and one fin 475, a first 
gate common to all gate regions of fins 470 and a first 
gate region of fin 475, and a second gate connected only 
to a second gate region of fin 475. The source of transis- 
tor T4 is coupled to an input signal, the gate of transistor 
T4 is coupled to a CLK signal and the drain of transistor 
T4 is coupled to the first gates of transistors T5 and T6, 
the drains of transistors T5 and T6 and the input and out- 
put of inverter 12. The second gate of transistor T5 is cou- 
pled to a voltage source VTUNE-N and the second gate of 
transistor T6 is coupled to a voltage source VTUNE-P. The 
source of transistor T6 is coupled to VDD and the source 
of transistor T5 is coupled to VSS. 
[0061] The drive strength ratio, P /3 of latch circuit 450 can 

T6 T5 

be dynamically tuned (in the sense of set during opera- 
tion) by adjustment of VTUNE-N, VTUNE-P or both 
VTUNE-N and VTUNE-P. Further, the drive strength ratio 3 
Tg /3 T5 of latch circuit 450 may be permanently fixed by 
programming fuses to set the voltage levels of VTUNE-N 
and VTUNE=P. 



[0062] | t should be noted, that while both transistors T5 and T6 
are illustrated as having tunable drive strength transistors, 
only one of transistors T5 or T6 need be drive strength 
tunable according to the second embodiment of the 
present invention. 

[0063] other circuits that may be drive strength ratio "tuned" by 
the methods of the first and second embodiments of the 
present invention include, but are not limited to static 
random access memory (SRAM) circuits, phase locked loop 
(PLL) circuits, dynamic domino circuits, and imbalanced 
static combinational CMOS logic circuits. 

[0064] Thus, the present invention provides fine-tunable drive 
strength FinFETs and methods for fine-tuning the drive 
strength of FinFETs. 

[0065] The description of the embodiments of the present inven- 
tion is given above for the understanding of the present 
invention. It will be understood that the invention is not 
limited to the particular embodiments described herein, 
but is capable of various modifications, rearrangements 
and substitutions as will now become apparent to those 
skilled in the art without departing from the scope of the 
invention. For example, in the first embodiment of the 
present invention, the entire angled fin need not be set at 



an angle relative to the perpendicular fin, but may be bent 
so a portion of the angled fin is parallel to the perpendic- 
ular fin and a portion angled relative to the perpendicular 
fin. Therefore, it is intended that the following claims 
cover all such modifications and changes as fall within the 
true spirit and scope of the invention. 



